The circadian clock is an endogenous timekeeping molecular network that generates ∼24-h rhythms in myriad metabolic and physiological processes ([@r1], [@r2]). By providing time-of-day information, it allows plants to synchronize their endogenous physiology in anticipation of daily and seasonal fluctuations in environmental conditions, thereby enhancing fitness. Adequate coordination of output responses requires the intersection of the circadian circuitry with a multiplicity of other signaling pathways, giving rise to highly intricate regulatory systems. A key regulatory network with which the circadian oscillator intersects is hormone signaling. Phytohormones are signaling molecules that play a pivotal role in intrinsic plant developmental programs, as well as in the modulation of such programs in response to environmental cues, including biotic and abiotic stresses ([@r3][@r4]--[@r5]).

Both clock and hormone pathways are indispensable for the response to short- and long-term environmental challenges, and hence adequate crosstalk between them is crucial for plant adaptation to the local habitat. Accordingly, multiple connections between the oscillator and hormones exist ([@r6]). Specific hormones have been shown to affect circadian function ([@r7]), and, conversely, levels of many hormones display diel oscillatory patterns of accumulation, which are often circadian ([@r8][@r9][@r10]--[@r11]). These rhythms likely arise, at least partially, from transcriptional regulation by the clock, which broadly regulates the expression of hormone biosynthetic genes and signaling components ([@r12][@r13][@r14][@r15][@r16]--[@r17]).

A key hormone for plant growth and development is gibberellin (GA). GA is essential for numerous developmental processes, including seed germination, stem elongation, and flowering ([@r18]), many of which are also clock-regulated. The connection between GA and the central oscillator, however, appears to be asymmetric, where GAs operate as an output module within the circadian network that does not seem to feed back to the clock ([@r7]). In contrast, the clock directly influences GA levels and GA-regulated processes by affecting the transcription of genes involved in the biosynthesis and catabolism of GAs ([@r17], [@r19]). In a more elaborate mechanism, it has been proposed that the clock also gates the responsiveness to GAs by controlling the expression of the GA receptor gene *GA INSENSITIVE DWARF 1* (*GID1*) ([@r16]).

Because many core clock proteins are transcription factors, transcriptional regulation is a major mechanism through which the circadian clock delivers time information to output networks. However, it is becoming evident that, in order to robustly coordinate and fine-tune the outcome of such intricate regulatory webs, posttranscriptional connections are necessary. Here, we uncover direct protein--protein interactions between the core clock protein GIGANTEA (GI) and the DELLA proteins, negative components of GA signaling, that act as a key connection for clock output regulation. GI affects GA signaling through the stabilization of the DELLAs and is required to precisely time the gating of GA sensitivity to the early night, ultimately affecting the rhythmicity of physiological outputs such as hypocotyl elongation.

Results and Discussion {#s1}
======================

GI Interacts with the DELLA Proteins. {#s2}
-------------------------------------

GI is a component of the circadian oscillator that is implicated in a plethora of biological processes ([@r20]). Although its precise molecular function still remains to be elucidated, it is well documented that GI is able to interact with and modulate the function of multiple proteins ([@r20]). In a yeast 2-hybrid (Y2H) assay performed to probe GI's interaction network, we detected interaction of GI with the DELLA proteins REPRESSOR OF GA1-3 (RGA), GIBBERELLIC ACID INSENSITIVE (GAI), and RGA-LIKE PROTEIN 3 (RGL3) ([Fig. 1 *A* and *B*](#fig01){ref-type="fig"}). The DELLA proteins are a set of GRAS transcription regulators that function as negative components of GA signaling and repress GA-responsive genes, including growth-promoting genes ([@r21], [@r22]). DELLAs are proposed to function as hubs in plant development and physiology because they interact with multiple transcription factors from diverse pathways to regulate their activity, hence mediating crosstalk between GA and other signaling pathways ([@r23], [@r24]). Given the subtle effect that GAs have on circadian function ([@r7]), we considered unlikely that DELLAs affected GI activity and hence hypothesized that the interaction could entail the modulation of DELLA function by GI. Our Y2H results therefore raised the possibility that a mechanism underpinning GI's widespread regulation of plant physiology involved the modulation of GA regulatory networks through interaction with the DELLA factors. We confirmed the observed interactions through in vitro pull-down assays with tagged full-length proteins expressed in an in vitro transcription and translation system ([Fig. 1*C*](#fig01){ref-type="fig"}). In the case of RGA, mapping of the interaction domains using defined protein fragments ([*SI Appendix*, Fig. S1 *A* and *B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913532116/-/DCSupplemental)) revealed that all partial fragments except for the DELLA domain where able to interact with GI, likely because these fragments contain elements of the region mediating protein--protein interactions at its GRAS domain ([@r25]). Finally, we validated the GI--RGA interaction in vivo by performing coimmunoprecipitation studies in transgenic *Arabidopsis thaliana* seedlings expressing tagged protein versions ([Fig. 1*D*](#fig01){ref-type="fig"}).

![GI interacts with the DELLA proteins. (*A* and *B*) Yeast 2-hybrid (Y2H) assays showing interaction of GI and DELLA proteins. Bait and prey constructs were cotransformed into yeast cells. SD-WL, minimal medium lacking Trp and Leu; SD-WLH, selective medium lacking Trp, Leu, and His, which was supplemented with 50 mM 3AT. X-gal, qualitative β-galactosidase activity results obtained from the X-gal assay. (*B*) Quantitation of β-galactosidase activity (Miller units) for every pair of bait and prey proteins indicated (*n* = 4). Values represent means ± SEM \[\*\*\**P* \< 0.001; \*\**P* \< 0.01; \**P* \< 0.05; n.s., not significant Tukey's multiple-comparison test relative to the pExpAD502 control vector\]. (*C*) In vitro pull-down assays showing the interaction between GI and DELLAs (RGA, GAI, and RGL3). Proteins were expressed in an in vitro transcription and translation system. (*D*) In vivo coimmunoprecipitations in *Arabidopsis* transgenic seedlings expressing HA-GI (from the 35S promoter) and GFP--RGA (from an endogenous promoter fragment) tagged protein versions.](pnas.1913532116fig01){#fig01}

GI Stabilizes DELLAs in the Context of Their GA-Dependent Degradation. {#s3}
----------------------------------------------------------------------

Because several pathways in which GI functions involve the control of protein stability ([@r26][@r27]--[@r28]), and both GI and RGA accumulate as the day progresses ([@r16], [@r29]), we wondered if GI interaction with RGA could be contributing to RGA balance. At the transcriptional level, no major perturbations in *RGA* and *GAI* expression were observed in GI overexpression lines (GIox) ([@r29]) and *gi-2* mutant lines compared to wild-type (WT) plants ([*SI Appendix*, Fig. S2*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913532116/-/DCSupplemental)). Protein stability analyses of transient expression in *Nicotiana benthamiana* leaves revealed that RGA--GFP protein levels are indeed stabilized in the presence of GI ([Fig. 2 *A* and *B*](#fig02){ref-type="fig"}). To further investigate how GI contributes to shape diel RGA protein levels in vivo, we crossed an *Arabidopsis* transgenic line expressing GFP--RGA driven by an endogenous promoter fragment ([@r30], [@r31]) into the *gi-2* and GIox backgrounds. Western blot analysis of the protein levels in these lines across a 24-h cycle in short-day (SD) conditions confirmed that GI is required for the rhythmic pattern of RGA accumulation. RGA levels remained high even during the night phase when GI is overexpressed, whereas they were abrogated and low throughout the entire day in its absence ([Fig. 2*C*](#fig02){ref-type="fig"} and [*SI Appendix*, Fig. S2*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913532116/-/DCSupplemental)). Thus the presence of GI is required during the day to enable RGA accumulation at this time, and the absence of GI at night is necessary for RGA levels to decline. Inspection of the GFP--RGA transgenic lines in the different backgrounds under the confocal microscope revealed that strong differences in GFP--RGA accumulation in fact could be observed in the upper part of hypocotyls, which is the growing region ([Fig. 2*D*](#fig02){ref-type="fig"}). In line with these findings, loss of *RGA* and *GAI* was observed to alleviate the short hypocotyl phenotype of GIox lines ([Fig. 2*E*](#fig02){ref-type="fig"}), demonstrating that higher DELLA activity contributes to the restricted growth phenotype in GI overexpression lines.

![RGA is stabilized by GI, and GI function is required to shape oscillations in RGA protein accumulation. (*A*) Representative Western blot showing the accumulation of RGA-GFP in *N. benthamiana* leaves treated with 25 µM MG-132 or in the presence or absence of GI-HA. Protein levels were normalized against HA-GFP levels. (*B*) Quantitation of 3 biological replicates of the experiment shown in *A* (mean ± SEM; \**P* \< 0.05; n.s., not significant Tukey's multiple comparison test). Protein levels were normalized against HA-GFP levels. (*C*) Accumulation of GFP--RGA across SD photo-cycles in WT (Col-0), *gi-2*, and GIox backgrounds. ACTIN levels were used for normalization, and the quantitation of 3 biological replicates is shown (mean ± SEM; \*\*\**P* \< 0.001, \*\**P* \< 0.01 Bonferroni post hoc test following 2-way ANOVA). White and gray shadings represent day and night, respectively. (*D*) Representative confocal images of 10-d-old SD-grown seedlings expressing GFP--RGA in WT (Col-0), *gi-2*, and GIox backgrounds taken from the upper part of the hypocotyl at ZT12. (*E*) Hypocotyl length measurements from WT (Col-0), GIox, *rga-29;gai-td1*, and GIox*;rga-29;gai-td1* seedlings grown for 7 d in SDs (mean ± SEM, *n* = 24 to 36; \*\*\**P* \< 0.001; \*\**P* \< 0.01; n.s., not significant Tukey's multiple comparison test).](pnas.1913532116fig02){#fig02}

At the mechanistic level, we hypothesized that GI binding to RGA could hinder access of the GA receptor GID1 to RGA protein, thereby interfering with its degradation. Upon GA perception, the GID1 receptor undergoes a conformational change that increases its affinity for the DELLA proteins and promotes binding to them through their DELLA domain, which leads to their subsequent polyubiquitination and degradation by the 26S proteasome ([@r22], [@r32]). In vitro pull-down studies of GID1A-RGA binding in the absence and presence of GI confirmed that GI negatively affects this interaction ([*SI Appendix*, Fig. S3*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913532116/-/DCSupplemental)); additionally, increasing quantities of GI progressively decreased the amount of RGA coimmunoprecipitated with GID1A ([Fig. 3 *A* and *B*](#fig03){ref-type="fig"}). To explore the relevance of these findings in vivo, we performed GFP--RGA degradation time-course experiments in SD-grown *Arabidopsis* seedlings treated with GA at Zeitgeber time (ZT) 7. These experiments showed that GFP--RGA degrades faster in *gi-2* mutants compared to WT plants when treated with both GA~3~ and GA~4~ ([Fig. 3 *C* and *D*](#fig03){ref-type="fig"} and [*SI Appendix*, Fig. S3*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913532116/-/DCSupplemental)), and this difference is abolished in the presence of MG-132 ([*SI Appendix*, Fig. S3 *C* and *D*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913532116/-/DCSupplemental)). It is noteworthy that the altered stability of GFP--RGA likely reflects the actual behavior of the endogenous RGA because plants expressing the fusion protein in the *gi-2* background display long hypocotyls similar to those without the transgene ([*SI Appendix*, Fig. S3*E*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913532116/-/DCSupplemental)). Altogether, our observations support the role of GI as a stabilizing partner of RGA that gates its sensitivity to degradation through the GID1 pathway. In accordance with this notion, accumulation of RGAΔ17, a mutated version of RGA lacking the DELLA domain required to interact with the GID1 receptor, was not affected by the presence or absence of GI in *N. benthamiana* leaves ([Fig. 3*E*](#fig03){ref-type="fig"} and [*SI Appendix*, Fig. S3*F*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913532116/-/DCSupplemental)), and the dominant mutant *gai-1*, which causes a lesion similar to RGAΔ17 in the DELLA GAI, fully suppressed the long hypocotyl of *gi* mutants ([Fig. 3*F*](#fig03){ref-type="fig"}).

![GI stabilizes RGA in the context of its GA-GID1--mediated degradation. (*A*) Interaction between Flag-GID1A and HA-RGA in the presence of increasing quantities of cMyc-GI (0.25×, 0.5×, 1×, 2×, and 4×). Proteins were expressed in a TnT in vitro expression system and immunoprecipitated with anti-Flag antibody. (*B*) Quantitation of the relative amount of HA---RGA coimmunoprecipitated with GID1A in every fraction from the experiment shown in *A*. (*C*) Degradation time course of GFP--RGA in WT (Col-0) and *gi-2* mutants. The 10-d-old SD-grown seedlings were treated at ZT7 with 100 µM GA~3~ and 200 µg/mL cyclohexamide. ACTIN levels were used for normalization. (*D*) Quantitation of the relative amount of GFP--RGA in every fraction from the experiment shown in *C*. Protein levels were normalized against ACTIN levels. (*E*) Quantitation of RGAΔ17-GFP accumulation in *N. benthamiana* leaves treated with 25 µM MG-132 or in the presence of GI--HA. Protein levels were normalized against HA--GFP levels. Values represent mean ± SEM (*n* = 3) (n.s., not significant Tukey's multiple comparison test). (*F*) Hypocotyl length measurements from WT (Ler), *gi-3*, *gai-1*, and *gi-3;gai-1* seedlings grown for 7 d in SDs (in gray, mean ± SEM, *n* = 16 to 20; \*\*\**P* \< 0.001 Tukey's multiple comparison test).](pnas.1913532116fig03){#fig03}

GI Is Involved in the Circadian Gating of GA Signaling. {#s4}
-------------------------------------------------------

Given that DELLAs are negative regulators of GA signaling ([@r21], [@r22]), RGA imbalance in *gi-2* mutants is expected to affect signaling of this hormone. Consistent with this notion, a dose--response curve in the presence of GA~3~ and the inhibitor of GA synthesis paclobutrazol (PAC) showed that *gi-2* mutants have indeed altered GA signaling, being hypersensitive to GA~3~ and hyposensitive to PAC ([Fig. 4 *A* and *B*](#fig04){ref-type="fig"}). Although it may be counterintuitive that *gi-2* plants are hypersensitive to GAs, it has to be considered that these mutants behave like a DELLA knockdown (as opposed to a knockout). These data suggest that the GA response is not fully derepressed, but rather less tightly repressed, and can therefore be more easily triggered compared to WT controls.

![GI is required to adequately gate GA signaling at night. (*A* and *B*) GA~3~ and PAC dose--response curves for WT (Col-0) and *gi-2* mutant seedlings. Plants were grown for 7 d under SD conditions with increasing concentrations of GA~3~ (0, 0.1, 1, and 10 µM) (*A*) or for 3 d in the dark in the presence of increasing concentrations of PAC (0, 0.02, 0.2, and 2 µM) (*B*). Values represent means ± SEM (*n* = 24 to 36) (\*\*\**P* \< 0.001; n.s., not significant Bonferroni post hoc test following 2-way ANOVA). (*C*) Hypocotyl length (measured as the difference between GA-treated and mock-treated seedlings) of seedlings grown for 6 d under SD conditions in the presence of 0.2 µM PAC and treated with 1 µM GA~4~ at different ZTs (mean ± SEM, *n* = 25) (n.s., not significant; \*\**P* \< 0.01; \*\*\**P* \< 0.001 Bonferroni post hoc test following 2-way ANOVA). (*D*) Hypocotyl length of *HS*::gai-1D lines in WT (Col-0), *gi-2*, and GIox backgrounds treated with heat at ZT12 to induce the expression of the GAI dominant negative version *gai-1D* (brown bars) compared to nontreated controls (gray bars). Values represent mean ± SEM (*n* = 33 to 39) (\**P* \< 0.05; \*\*\**P* \< 0.001 Tukey's multiple comparison test). HS, heat-shock--treated plants.](pnas.1913532116fig04){#fig04}

It has been proposed that the circadian gating of GA signaling arises from transcriptional regulation of the GA receptors by the clock, which results in higher stability of DELLA proteins during the day and higher sensitivity to GA at night ([@r16]). The mechanism underlying circadian transcriptional regulation of *GID1* is still unknown. Interestingly, GI binds the promoter region of *GID1A* ([@r28]), and *GID1A* expression is dysregulated in *gi-2* ([@r33]). Analysis of the expression of *GID1A* across a SD photocycle in *gi-2* mutants revealed that *GID1A* is induced in the middle of the night and at dawn (ZT16 and 24) ([*SI Appendix*, Fig. S4*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913532116/-/DCSupplemental)). However, its expression remained rhythmic and was not affected in the early night or by GI overexpression. Hence, although it is possible that GI additionally affects GA signaling through transcriptional regulation of the GA receptors, further more relevant regulators must exist.

In terms of phase, oscillations in *GID1* expression are also rather broad, with peak expression times spanning across most of the day. Transcript levels of *GID1A*, for example, are already high during daytime, when DELLAs accumulate, and remain high until the end of the night ([@r16]). This suggests that additional mechanisms exist that contribute to more precisely set the timing of GA sensitivity to the early night. We hence wondered if modulation of DELLA stability by GI may contribute to fine-tune the gating. To test this, we treated WT and *gi-2* plants with GA~4~ at different times of the day and measured the effect of this treatment on hypocotyl elongation compared to mock treatments. Treatment at ZT12 had the strongest effect in WT plants. In contrast, *gi-2* mutants showed a greater response at ZT12 and were responsive to the treatment across the entire night period regardless of the time of application ([Fig. 4*C*](#fig04){ref-type="fig"} and [*SI Appendix*, Fig. S4*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913532116/-/DCSupplemental)), suggesting that GI plays a role in the gating of this process. In terms of timing, the greater response to GAs that *gi* mutants display during the early night, which corresponds to the most sensitive period in WT plants, can be attributed to the lower DELLA levels in these lines, which translate into less tightly repressed GA-responsive genes. Considering the DELLA-stabilizing effect of GI, our results imply that GI at least partially gates GA sensitivity at night through the modulation of DELLA susceptibility to degradation. Further supporting the DELLA dependence of this phenotype, induction of expression of a dominant negative version of GAI during the night (ZT12) strongly suppressed the long hypocotyl phenotype of *gi-2* mutants ([Fig. 4*D*](#fig04){ref-type="fig"}). Nevertheless, it is still possible that GI additionally functions to repress the expression of GA-responsive genes more directly at this time, considering recent evidence on the function of GI in the repression of growth-promoting genes during the early night ([@r28]). Furthermore, GI also regulates *CCA1* and *LHY* transcription and consequently affects the expression of their target genes, which are expressed in the evening and are involved in different pathways including the response to GAs ([@r28]). At dawn, however, the role of GI in restricting GA sensitivity is most likely to arise only from indirect connections, given that GI levels are minimal at this time. One such plausible link are the PHYTOCHROME INTERACTING FACTORS (PIFs), as GI affects PIF activity and the expression of PIF target genes at dawn, and PIFs regulate the expression of GA biosynthetic genes ([@r34]). Another connection between GI and GA signaling that must be considered is SPINDLY (SPY). GI interacts with SPY in vitro ([@r35]), and SPY has recently been shown to *O*-fucosylate the DELLAs, thereby activating them and promoting their interaction with key regulators in brassinosteroid- and light-signaling pathways, including BRASSINAZOLE-RESISTANT1 (BZR1), PIF3, and PIF4 ([@r36]). It would therefore be interesting to investigate whether the GI--SPY interaction has any implications for DELLA *O*-fucosylation, if SPY is involved in GI-mediated stabilization of the DELLAs, and what the connection might be to the repression of PIF activity.

Hence GI seems to function in intricate ways to pervasively regulate output physiology (such as photoperiodic growth), not only by modulating the light signaling pathway as recently demonstrated ([@r28]), but also by fine-tuning the response to GAs through several complementary mechanisms.

Concluding Remarks {#s5}
==================

The circadian oscillator plays a pivotal role in the integration of external cues with endogenous physiology, orchestrating plant physiological processes to occur at the most advantageous time of the day and year. This function contributes to optimize resource allocation and hence enhances fitness ([@r37]). To adequately coordinate output processes, the biological clock intersects with a wide array of other signaling pathways, rendering highly intricate regulatory networks. Such complexity is likely to pose an advantage for coping with the wide range of environmental changes and challenges that plants are exposed to, as the existence of multiple checkpoints increases both the flexibility and robustness of the system.

Here we provide insights into a mechanism linking circadian timing to hormone signaling and uncover GI as a core clock component involved in the gating of the response to GAs ([Fig. 5](#fig05){ref-type="fig"}). GI interacts with the negative components of GA signaling, the DELLA factors, and stabilizes them in the context of their GA-mediated degradation. This directly influences the rhythmic pattern of DELLA accumulation across the day and the timing of maximal sensitivity to GAs. While a connection between daily rhythms in GA-signaling components and the gating of the sensitivity to this hormone has been previously proposed ([@r16]), mechanistic connections to the oscillatory machinery were missing. Hence, our work uncovers an important mechanism by which circadian phasing and endogenous hormone signaling pathways are integrated.

![Model of GI action in the gating of GA signaling. As GI accumulates during the day, it stabilizes the DELLAs by hindering access of the GA receptor GID1A, the expression of which is circadian-regulated and high in the evening. Progressive degradation of GI during the evening enables the degradation of the DELLA proteins and the expression of GA-responsive genes, including growth-promoting genes.](pnas.1913532116fig05){#fig05}

Materials and Methods {#s6}
=====================

Plant Material and Growth Conditions. {#s7}
-------------------------------------

WT, mutant, and transgenic lines used in this study were *A. thaliana* ecotype Columbia 0 (Col-0) with the exception of the *gi-3* and *gai-1* mutants, which were ecotype Landsberg *erecta* (L*er*). *gi-2* ([@r38]), GIox ([@r29]), pRGA::GFP-RGA ([@r30], [@r31]), *rga-29* (SALK_89146) ([@r39], [@r40]), *gai-td1* (SAIL_82_F06) ([@r41]), *gi-3* ([@r42]), *gai-1* ([@r43]), and *HS*::gai-1D ([@r44]) have been previously described. *gi-3* lines were obtained from the *Arabidopsis* Biological Research Center collection. Seeds were chlorine-gas-sterilized and plated on 0.5× Linsmaier and Skoog (LS) medium (Caisson Laboratories) with 0.8% agar (Sigma). After stratification in the dark at 4 °C for 3 d, plates were transferred to a Percival incubator (Percival Scientific) set to the indicated light conditions with light supplied at 80 μmol⋅m^−2^⋅s^−1^ by cool-white fluorescent bulbs and a constant temperature of 22 °C.

Generation of Higher Order Mutants and Transgenic Lines. {#s8}
--------------------------------------------------------

*pRGA*::GFP-RGA;GIox and *pRGA*::GFP-RGA;*gi-2* lines were obtained by crossing *pRGA*::GFP-RGA (kanamycin resistance) with GIox plants (BASTA resistant and *gi-2*). Similarly, *HS*::gai-1D;GIox and *HS*::gai-1D;*gi-2* lines were obtained by crossing *HS*::gai-1D (kanamycin resistance) with GIox plants. F3 populations were screened for kanamycin resistance and BASTA resistance/sensitivity. The presence of the *gi-2* allele in all lines was determined by PCR amplification with primers listed in [Table S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913532116/-/DCSupplemental).

The GIox;*rga-29*;*gai-td1* triple mutant was obtained by crossing GIox into the *rga-29;gai-td1* double mutant. F3 homozygous BASTA-resistant descendants were screened for the presence of the *rga-29* and *gai-td1* alleles by PCR amplification with primers listed in [Table S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913532116/-/DCSupplemental). Since the presence of a homozygous *gi-2* mutation in the *rga-29;gai-td1* mutant resulted in lethality, a GIox;Col-0 line was also obtained from this cross and used as a control line for hypocotyl measurements.

*gi-3;gai-1* mutants were generated by genetic crosses between the single mutants, and homozygous mutant lines were identified in the F2 populations by PCR amplification with primers listed in [Table S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913532116/-/DCSupplemental). The *gi-3* allele was identified by its late flowering phenotype

Construction of Binary Vectors. {#s9}
-------------------------------

To perform protein stability assays in transient expression in *N. benthamiana*, the cDNAS encoding GI, RGA, RGAΔ17, and GFP were amplified by PCR from their respective pENTR/D-TOPO vectors ([@r45]) (primers used are listed in [Table S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913532116/-/DCSupplemental)) and subcloned into the pDONR207 vector (Invitrogen) by Gateway BP recombination reaction (Invitrogen). Subsequently, the coding sequences were transferred to an array of pEarleyGate ([@r46]) (pEG) binary destination vectors by Gateway LR recombination reaction (Invitrogen). The sequences introduced into the pEG201 plasmid contained stop codon, while the ones introduced into the pEG103 plasmid did not. Specifically, the different constructs generated and used were as follows: pEG103-RGA, pEG103- RGAΔ17, pEG201-GFP, and pEG201-GI.

Yeast Two-Hybrid Analyses. {#s10}
--------------------------

We used the ProQuest Two-Hybrid System (Invitrogen) as previously described ([@r28]). Specifically, the cDNA encoding full-length GI was transferred from the pENTR/D-TOPO vector (Invitrogen) into the pDEST32 vector by Gateway LR recombination reaction (Invitrogen) to generate the bait plasmid; the pDEST22 prey plasmids containing the sequences encoding RGA, GAI, RGL1, RGL2, and RGL3 have been previously described ([@r45]). Empty pDEST22 and the pExpAD502 plasmids were used as negative controls. Quantitation of β-galactosidase activity was performed in a 96-well format as previously described ([@r47]).

In Vitro Pull-Downs. {#s11}
--------------------

For in vitro pull-down assays, additional constructs were made. The pENTR/D-TOPO plasmid (Invitrogen) containing the sequence encoding GI has been previously described ([@r45], [@r48]). Full-length *RGA*, *GAI*, *RGL3*, *GID1A*, and *GFP*, as well as partial *RGA* sequences, were amplified by PCR (primers used are listed in [Table S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913532116/-/DCSupplemental)) and cloned into the pENTR/D-TOPO vector (Invitrogen). The pENTR-RGA plasmid was used to create the pENTR-RGAΔ17 truncated version by PCR-based mutagenesis using the primers listed in [Table S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913532116/-/DCSupplemental). To express proteins in the cell-free system, all inserts were transferred by Gateway LR recombination reaction (Invitrogen) into Gateway-compatible modified pTnT vectors (Promega) ([@r49]), which were kindly provided by Joanne Chory (The SALK Institute, La Jolla, CA). The vectors contained an N-terminal HA, Flag, or cMyc tag as specified in each case. Proteins were coexpressed using the TnT SP6 High-Yield Wheat Germ Protein Expression System (Promega) per manufacturer's instructions. Five percent of the reactions (2.5 µL) were used to verify expression of the proteins (input), and the remaining extract was immunoprecipitated as described earlier ([@r50]) using either anti-Flag M2 (Sigma) or anti-HA 3F10 (Roche) antibodies, as specified in each case. Exceptionally for the analysis of the GID1A--RGA interaction in the presence and absence of GI, the proteins were expressed separately and 5% of the reactions (2.5 µL) was used to verify expression of the proteins (input). Seven microliters of each GID1A and RGA extract were combined, and 0, 1.75, 3.5, 7, 15, or 28 µL of the GI extract were added. For immunoprecipitation, we verified that the addition of GA~3~ to the immunoprecipitation (IP) buffer did not promote degradation of RGA, and 100 µM GA~3~ was added to the IP buffer to promote the interaction between GID1A and RGA.

Transient Expression in *N. benthamiana*. {#s12}
-----------------------------------------

Experiments were performed as previously described ([@r28]). Briefly, *Agrobacterium tumefaciens* strain GV3101 cells containing the respective constructs and the p19 silencing suppressor were grown overnight at 28 °C in liquid Luria--Bertani medium supplemented with the appropriate antibiotics. Cultures were pelleted, resuspended in 10 mM MES--KOH, pH 5.6, 10 mM MgCl~2,~ 150 µM acetosyringone to a final OD~600~ of 0.5 and incubated for 2 h at room temperature. The suspensions were then mixed and infiltrated in *N. benthamiana* leaves at a final OD~600~ of 0.1 each, except for p19, which was infiltrated at a final OD~600~ of 0.05. Plants were kept in the greenhouse (under long-day conditions), and samples were harvested 3 d post inoculation. For MG-132 treatments, leaves were infiltrated with 10 mM MES--KOH, pH 5.6, 10 mM MgCl2, and 25 µM MG-132 at least 8 h prior to harvesting.

Protein Immunoprecipitation. {#s13}
----------------------------

Protein immunoprecipitations were performed as previously described ([@r28]). Approximately 1 g of 10-d-old *Arabidopsis* seedlings grown in SDs was harvested at ZT8 and frozen in liquid nitrogen. Immunoprecipitations were performed as earlier described ([@r51]) with the following modifications. Samples were ground with mortar and pestle in liquid nitrogen and resuspended in 2 mL of modified SII buffer \[100 mM Na/phosphate, pH 8.0, 150 mM NaCl, 5 mM ethylenediamine tetraacetic acid, 5 mM egtazic acid, 0.1% Triton X-100, 2 mM phenylmethylsulfonyl fluoride, 1× protease inhibitor mixture (Roche), 1× Phosphatase Inhibitors I and II (Sigma), and 50 μM MG-132 (Peptides International)\]. Extracts were transferred to a dounce tissue grinder and homogenized before being clarified twice by centrifugation at 4 °C. Total protein concentration was quantified by DC Protein Assay (Bio-Rad) and normalized to 1.875 mg/mL. Three percent of the extracts was used to verify proteins levels (input). For immunoprecipitations, extracts were incubated with anti-GFP Ab290 (Abcam) antibody for 2 h with gentle rotation at 4 °C. Subsequently, 25 µL of magnetic protein G Dynabeads (Invitrogen) prewashed with IP buffer were added to the samples and incubated for 2 h with gentle rotation at 4 °C. The samples were finally washed 3× with modified SII buffer, and the precipitated protein was eluted by heating beads at 95 °C for 5 min in 40 μL of 2× sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) loading buffer. A total of 10 and 30 µL of the eluate were separately analyzed by Western blot to detect the immunoprecipitated and coimmunoprecipitated proteins, respectively.

Protein Stability and Accumulation Analyses. {#s14}
--------------------------------------------

To determine protein levels in transient experiments in *N. benthamiana* samples were harvested at ZT12 and frozen in liquid nitrogen. They were then ground and homogenized with 3 volumes of 2× SDS-PAGE loading buffer and boiled at 95 °C for 5 min. Samples were then clarified by centrifugation at room temperature and analyzed by Western blot. For normalization, GFP-HA was used as internal loading control.

Time-course degradation experiments of GFP-RGA in *Arabidopsis* seedlings were performed as follows. Approximately 40 10-d-old SD-grown *Arabidopsis* seedlings per sample were transferred at ZT7 to 2-mL transparent tubes and incubated in the light for 0.5, 1, 2, 4, 8, or 16 min in liquid 0.5× LS medium in the presence of 100 µM GA~3~ (Sigma) and 200 µg/mL cyclohexamide (Sigma) or 50 µM MG-132, 100 µM GA~3~ (Sigma), and 200 µg/mL cyclohexamide (Sigma). At the specified time points, the seedlings were extracted from the tubes and rapidly placed on tissue paper to remove liquid excess before freezing them in liquid nitrogen. For the analysis of GFP--RGA protein levels in *Arabidopsis* seedlings, samples were homogenized with 100 µL of extraction buffer \[50 mM Tris⋅HCl, pH 7.6, 150 mM NaCl, 5 mM MgCl~2~, 0.1% Nonidet P-40, 10% glycerol, 2 mM PMSF, 1× protease inhibitor mixture (Roche), 1× Phosphatase Inhibitors I and II (Sigma) and 50 μM MG-132 (Peptides International)\] and clarified twice by centrifugation at 4 °C. In both cases, total protein concentration was quantified by DC Protein Assay (Bio-Rad), and 40 μg of each sample was subsequently analyzed by Western blot. ACTIN levels in the samples were used for normalization.

Western Blot Detection and Quantitation. {#s15}
----------------------------------------

The procedure was performed as previously described ([@r28]). Protein extracts in SDS-PAGE loading buffer were boiled at 95 °C for 5 min and separated in 4 to 15% SDS-PAGE gels. Proteins were then transferred to nitrocellulose membranes (Bio-Rad), which were then stained with Ponceau S to assess transfer and loading. Finally, membranes were immunodetected with either horseradish peroxidase (HRP)-conjugated 3F10 anti-HA (1:2,000, Roche), HRP-conjugated Flag M2 (1:2,000, Sigma), HRP-conjugated anti-cMyc (1:2,000, Invitrogen), or anti-GFP antibody (1:2,000, Roche) followed by HRP-conjugated anti-mouse secondary antibody (1:3,000, Bio-Rad). The ACTIN loading control was detected using anti-ACTIN C4 mouse antibody (1:500, Millipore) followed HRP-conjugated anti-mouse secondary antibody (1:3,000, Bio-Rad). For *Arabidopsis* GFP--RGA blots, the membrane was cut above the 75-kDa mark, and the upper and lower parts were detected with anti-GFP and anti-ACTIN antibodies, respectively. Chemiluminescence was detected with the Supersignal West Pico, Dura, and Femto substrates (Pierce) and imaged with a UVP ChemiDoc imaging system. The VisionWorksLS (UVP) software was used to quantify protein levels. In the case of the analysis of the interaction between GID1A and RGA in the presence and absence of GI, chemiluminescence was captured by exposure of X-ray films (GE Healthcare), which were scanned, and protein levels were quantified using NIH ImageJ software (<https://imagej.nih.gov/ij/>).

RNA Extraction and qRT-PCR. {#s16}
---------------------------

As previously described ([@r28]), total RNA was isolated with the GeneJET plant RNA purification mini kit (Thermo Scientific). For cDNA synthesis, 1 μg of total RNA was digested with DNase I (Roche) and reverse-transcribed using the iScript cDNA synthesis kit (Bio-Rad). Synthesized cDNA was amplified by real-time quantitative PCR (qPCR) with Maxima SYBR Green qPCR Master Mix (Thermo Scientific) using the CFX-384 Real Time System (Bio-Rad). *PROTEIN PHOSPHATASE 2A* (*PP2A*) (AT1G13320) was used as the normalization control. Primer sequences are listed in [Table S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913532116/-/DCSupplemental).

Confocal Imaging. {#s17}
-----------------

Confocal microscopy was performed with a Zeiss LSM 710 laser-scanning confocal microscope (Carl Zeiss). GFP was excited with the excitation beam splitter MBS 488, and emission was measured with an emission filter set at 493 to 550 nm. Image analysis was performed with ZEN software (Carl Zeiss). Representative images from at least 2 independent biological repeats are shown in this study.

Physiological Measurements. {#s18}
---------------------------

To analyze hypocotyl length, evenly spaced seedlings were grown on plates under the light conditions and photoperiod indicated in the figures. At the specified time, seedlings were scanned, and images were analyzed using NIH ImageJ software (<https://imagej.nih.gov/ij/>).

GA sensitivity assays at different ZTs were performed as previously described ([@r16]) with minor modifications. Briefly, seedlings were grown on filter papers placed on 0.5× LS, 0.8% agar, 0.2 µM PAC plates for 3 d in SDs. On the fourth day, filter papers containing 4-d-old seedlings were transferred at ZT0, 7, 12, or 20 for 1 h to petri dishes with 5 mL of 0.5× LS liquid medium containing 0.1 μM GA~4~ (Sigma) and 0.2 μM PAC (GA treatment) or just 0.2 μM PAC (mock). After the treatment, the filter papers with the seedlings were rinsed 3 times for 20 min in petri dishes containing liquid 0.5× LS with PAC 0.2 μM. After the washes, seedlings were transferred to new sterile filter papers, placed on fresh 0.5× LS, 0.2 μM PAC plates, and returned to SD conditions. GA treatments were applied during 2 consecutive days (fourth and fifth days), and hypocotyl length was measured on day 6. Hypocotyl length increase upon GA~4~ treatment at the different ZTs was calculated as the difference between GA~4~-treated plants and mock-treated controls.

For heat-shock treatments to induce the expression of gai-1D, plates containing seedlings of the different genotypes grown in SDs were incubated at ZT12 for 10 min at 37 °C in darkness, while control seedlings were kept at 22 °C. Heat treatments were applied at days 3, 4, 5, and 6. Hypocotyl length was measured on day 7.
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